In addition, a considerable amount of research work has been carried out on the theoretical side of this same problem, in connection with both the calculation of hfs and with a more thorough understanding of the hyperfine interaction in its finer details.
We have therefore deemed it useful to summarize in a single article all the experimental data that are presently available (and reliable) , in order to offer to the experimentalist a review of the state of the art, and to the theoretician a set of values that ean conveniently be used in further calculations and theoretical consistency cheeks.
The most recent review paper, of which we are aware, covering the hyperfine structure investigations of all kinds of atoms, is by Fuller and Cohen (1969) ; although references to more recent literature can be found in the compilation by Hagan and Martin (1972) . We have thors. Let us remember first the book by Kopfermann (1958) where the development of the hyperfine interaction theory for the one-and two-electron spectra is fully described. More recent treatments, mainly for the many-electron spectra, have been reported in detail in a book by Armstrong (1971 Fuller and Cohen (1970) . Our table updates this work for the naturally occurring alkali isotopes.
actions. The lowest k=0 order represents the electric interaction of the electron with the spherical part of the nuclear charge distribution. This term has the same effect on all levels of a given configuration, due to the spherical symmetry; hence it is not considered in the hyperf inc-splitting Hamiltonian.
The Q= 1 term describes the magnetic dipole coupling of the nuclear magnetic moment with the magnetic field created by the electron at the nucleus position. Then for a nuclear angular momentum I we write gI paI,
( 2 2) C(u& Yh) (2.4)
4'
with Y,~a normalized spherical harmonic. It is convenient to write the dipolar part in the magnetic field interactipn through the rank-one irreducible tensor operator in the tensor product of g and C '
(10)1/2 (g .C(z))(1 (Armstrong, 1971) T' =2~p . ---8 - (1/r'), = (1/r')"; (1/r')"= (1/r') "; (1/r'), = (1/r') ".
where the radial averages are radial integrals over the relativistic wavefunctions defined, for instance, by Armstrong (1971) or by Lindgren and Rosin (1974a) .
In the nonrelatlvlstlc limit the operators T(1) and T (2) are obtained. Thus the radial integrals (1/r')».
(1/r')» and (1/r')» go over into (1/r')", . The integrals (1/r')» and (1/r')», purely relativistic in nature, vanish. Moreover it is convenient to define the coupling constants a"a", a"and b, to represent the different contributions to the dipolar and quadrupolar splitting:
In a relativistic treatment the electronic operators are calculated using the wavefunction solutions of the Dirac equation. However, for a comparison with the experimental results it is more convenient to consider the effective operator formalism for the relativistic hyperfine structure calculations, as developed by Sandars and Beck (1965) . The idea of this treatment is to define an effective hfs Hamiltonian for which the matrix elements between the electronic nonrelativistic Ls coupled states of a given configuration are equal to the matrix elements of the true hfs Hamiltonian between the relativistic states. If the effective Hamiltonian is expressed in terms of the electronic and nuclear spherical tensor operators, as in relation (2.1), the effective electronic operators of the magnetic dipole and electric quadrupole interactions are (Armstrong, 1971) Let us note that the minus sign in front of the expressions (2.8a) and (2.8b) for the dipolar coupling constant derives from the adopted convention for the nuclear g factor. The A constant has the same sign as the nuclear magnetic moment. The previous expressions for the hfs Hamiltonian are based on a central-field model with the closed shells exactly spherical, hence not exhibiting any interaction with the nucleus. In this description the hyperfine interaction is entirely due to the single external electron. A more precise model must include the polarization effects associated with the interaction of the valence elec-. tron with the closed-shell electrons in the core. For instance, the electrons in core states, with their spin parallel to the valence election, experience a'weaker exchange interaction than those in the core states with an antiparallel spin. This leads to a distortion of the electron orbitals, so that closed shells are no longer spherically symmetric and contribute to the hyperfine interaction. This core polarization effect, called "ex-change polarization", influences both the magnetic dipole and the electric quadrupole coupling constants. In the direct polarization effect a quadrupole hyperfine interaction arises because an unfilled shell of electrons with l &0 is not spherical and creates a nonspherical potential in which all the other electrons move. In the language of perturbation theory the polarization effects are described by a wavefunction correction containing states in which some electron from the core is moved into all of the many energy levels outside the core. This "virtual excitation" of the core electrons comes about through the interaction with the valence electron. Then in the lowest-order perturbation the polarization contribution to the hfs is the matrix element of the hyperfine interaction between the zeroth-order central field wavefunction and those first-order, polarized core, wavefunctions. Distortion of closed s shells, or single excitation of an s electron, leads to a net spin density at the nucleus position and hence to a contact interaction in the hyperfine Hamiltonian.
This particular effect will be referred to as spin polarization, and is of particular importance when the valence electron has no contact hyperfine interaction. Another deviation from the central field model is created by the correlation among electrons, involving the mutual polarization of the closed-and vacant-shell electrons. The electrons do not move independently of each other but are correlated in their motion. In the language of virtual transitions the correlation effects are described by the contemporary excitations of two electrons.
The calculations of polarization and correlation contributions to the hfs involve a knowledge of radial integrals in the Coulomb interaction between the electrons.
The contributions to the hfs Hamiltonian in the lowest order of perturbation have been fully described by Armstrong (1971) . For an analysis of the experimental results it is important to observe that in a nonrelativistic treatment the admixture of other configurations may be taken into account in the hfs electronic operators of Eq. (2.10) through a modification in the radial integrals (Lindgren, 1975b) . Thus the nonrelativistic hfs Hamiltonian in presence of configuration interaction has the same form as for the single electron in the valence shell. The additivity of polarization and correlation effects to the relativistic hfs Hamiltonian has been investigated by Feneuille and Armstrong (1973) , and new terms in the effective operators are included to correct for the nonadditivity. Moreover for comparison with the experimental results, we will limit our consideration to the a"a", a"and b, , as effective independent parameters, allowing contributions from relativistic, core polarization and correlation effects.
With the effective operators defined in Eq. (2.10) the hyperfine energy for an unfilled shell containing an s electron is given by W'" =ha, I~S. (2.14a) (2.14b)
The explicit expression for the 9-j symbol, the quantity in braces, has been given by Lindgren and Rosen (1974a to calculations of the hyperfine interactions (for reviews see Lindgren, 1974b and 1975a, b) . The hyperfine structure of the ground and excited S states of the alkali atoms have been considered in complete calculations. As an estimate of the different contributions to the hfs splitting, let us report the results of calculations for the 3'S, z, to 10'g, z, states of sodium (Mahanti et aL, 1974 Lyons et al. (1969) , Nesbet (1970) , Larsson (1970) and Hameed and Foley (1972) and in the 'P, » and 'P», states of "K (Belin et a/. , 1975b Sternheimer and Peierls (1971) and Rosen and Lindgren (1972) , where a dependence on the n quantum number has been found.
The &"~c orrection factors are tabulated in the book by Kopfermann (1958) , but more precise calculations of these factors have been reported by Rosen and Lindgren (1972, 1973 (Feiertag and zu Putlitz, 1973) and in the 6 'P term of Cs (Abele, 1975b) Kopfermann (1958) and recalculated by Rosen and Lindgren (1972, 1973) . However a more substantial correction has to be applied to the (r ') parameter for the core polarization. This correction, called the Sternheimer effect, is due to the fact that the electrons of the closed shells are deformed by the quadrupolar gradient to which they are subjected, and therefore also contribute to the field gradient at the nucleus. This effect is represented in the B quadrupole constant by multiplying the (r . ') parameter by a factor (1-R). A positive R factor is a reduction of the total quadrupole coupling and is caused by a shield of the nuclear quadrupole by the angular redistribution of the electronic charge in the closed shells. A negative A factor is an increase of the quadrupole interaction by the antishielding effect of the radial distribution of the electronic charge (Sternheimer, 1950 (Sternheimer, , 1951 . In the standard procedure for evaluating the nuclear quadrupole moment from the experimental results the radial (r ') parameter is derived from the magnetic dipole constant. In order to consider the contribution of th.e core polarization, the contact part is separated through the measurement of the magnetic hyperfine coupling in both the states of the doublet, as presented before. The radial parameter is derived from the orbital and dipolar contribution considering the relativistic effects and supposing the contribution of the core polarization to be negligible. With this (r ) value and the measured B constant, an effective nuclear quadrupole moment Q"" is derived from expression (2.24). The Sternheimer correction factor is applied to obtain the true nuclear quadrupole moment Q (2.25)
The most recent theoretical values of the B factors for the first three excited nP states of each of the five alkali atoms have been reported in Sternheimer and Peierls (1971) , while for the lowest three excited nD states they have been derived by Sternheimer (1974) . It has been recently observed (Lindgren, 1974b (Lindgren, , 1975a (Phillips, 1952 (Orth et al. , 1974 (Orth et al. , , 1975 (Orth et a/. , 1974 (Orth et a/. , , 1975 Thorne (1974) . A very good example of these techniques can be found in the work by Beacham and Andrews (1971) . With the recent progress in narrow-band tunable dye lasers, the classical methods of optical spectroscopy in absorption or fluorescence can be extended to high resolution spectroscopy, limited only by the natural width. Several reviews of such techniques exist, and we may quote those by Stroke (1972) , Demtroder (1973) , Lange et al. (1974) , Jacquinot (1975) , and Walther (1976) . To achieve such a high resolution, the Doppler width must be sufficiently reduced ( Balling (1975) . Here we shall only describe the optical pumping process in the particular case of an hfs investigation.
In Fig. 4 an example of a hyperfine muliipletis shown. If the atoms are submitted to resonance radiation whose intensity is frequency independent over the spectral region of absorption ("white" radiation) the ratio of the probability of absorption to that of spontaneous emission is exactly the same for all hyperfine components of the multiplet, and thus the ground-state sublevels (initially equally populated) continue to be equally populated. But if the incoming radiation is not white, and its intensity on the hyperfine components connecting one hyperfine state~a) of the ground state to the upper state is lower than the intensity onthe other components connecting the other state~b), the state~b) will be depleted at a larger rate than it is refilled, whereas the opposite occurs to the state~a). One Ernst et al. , 1967; Bernabeu et al. , 1969; and Beverini and Strumia, 1970) geneiiies of the applied static field, of the rf field, and so on. Some investigation of this sort of problem has been carried out by Arditi (1958c) . The main sources of noise are the instability of the pumping lamp and the photomultiplier noise. Other sources, like fluctuations of the applied fields, are usually negligible.
The magnetic resonance lines can be shifted by the static field (something that has already been discussed), by the collisions with buffer gas molecules, and by the pumping light itself:
(a) The hyperfine pressure shift has been investigated by many authors (Arditi and Carver, 1958a, b, 1961; Arditi, 1958c; Beaty et al. , 1958; Bender et al. , 1958; Bloom and Carr, 1960; Ramsey and Anderson, 1965; Bernheim and Kohuth, 1969; %right et al. , 1969; Beer, 1970; Morgan, 1971; Aleksandrov et al. , 1973; Dorenburg et al. , 1974; Bava et al. , 1975; Batygin, 1975; Beer and Bernheim, 1976; and Strumia et a/. , 1976) .
The whole problem has been discussed in detail by Balling (1975) . The shift is proportional to the buffer gas density, and depends upon the cell temperature. It has been found that, as in the case of optical transitions, light buffer atoms give positive shifts (i.e., towards higher frequencies) whereas the opposite is true for heavy buffer atoms. An Cohen-Tannoudji (1961) (1970, 1972) ; further investigations are those by Busca, et al. (1973a, b) concerning the "Rb maser and Arditi and Picque (1975b) concerning'the 0 -0 hyperfine transition in '3'Cs. A technique using pulsed illumination in order to reduce the light shifts has been introduced by Arditi and Carver (1964) and has recently been discussed theoretically by Yakobson (1973) .
(c) Other types of shifts, like wall shift and spin-exchange shift, that have been found to be important in the hydrogen maser, do not play a significant role in the alkali atoms. The effect of wall collisions on alkali atoms was investigated by Goldenberg et af. (1961) .
The optical pumping technique has been extended by Pavlovic and Laloe (1970) to the investigation of the excited states. However this has never been done with the alkali atoms. The peculiar problems arising in the optical pumping cycle when the pumping source is a laser have been reviewed by Cohen-Tannoudji (1975 (Bates and Damgaard, 1949; Heavens, 1961) Fig.  10(b) . This level may be studied by means of o light in excitation and 0' or g in fluorescent decay (Abele, 1975b& Bucka (1'956, 1958) (Tai et al. , 1975; Happer, 1975 (Series, 1970 It is most frequently used in the study of the ground states, with a purpose (obtaining nonstatistical distribution of the atoms, and detecting a resonance) quite similar to that described for optical pumping. Even though it has such a large historical and metrological importance, it is described only at this stage, in this paper, because of its strong ties with the methods just described, namely optical pumping and double resonance.
The method has been described in detail in many review papers and books, among others those by Ramsey (1956) and by Kusch and Hughes (1959) . A survey of more recent work can be found in English and Zorn (1974) .
A schematic diagram of a typical ABMR apparatus is given in Fig. 12 (Ramsey and Silsbee, 1951) . It has been demonstrated that in this case, taking into account the velocity distribution in the beam, the line shape is as shown in Fig. , 13, Breit (1933) .
It is not, however, until the late fifties that an improved technology allowed the observation of levelcrossing in a nonzero field (Colegrove et al. , 1959) . A detailed interpretation of the effect has been given by Rose and Ca.rovillano (1961) and by Franken (1961) ( Fig. 16 . The light emitted by the lamp is polarized and then absorbed by the vapor, and the fluorescent light (of suitable polarization) is monitored by photomultipliers.
By changing the intensity of the applied magnetic field, two levels pass through a crossing; and a resonant signal is observed by the photomultiplier.
It is thus possible to find out exactly for which value of the applied field the two levels have the same energy. The schematic apparatus shown in Fig. 16 Violino, 1970 (Schonberner and Zimmermann, 1968) and numerically (Violino, 1972 (Biraben et al. , 1975) , on potassium highly excited S a, nd D states (Levenson et al. , 1975) and on rubidium D states with principal quantum number from 11 to 30 (Kato and Stoicheff 1975, 19'76) .
In Fig. 20 (Cagnac, 1975a) . The detection of the two-photon transition is based on the collection of photons emitted in the spontaneous decay at a wavelength different from the laser excitation.
The main sources of errors are: (a) the width of the two-photon peaks because of the jitter in the laser and (b) the nonlinearity in the sweep of the laser frequency. Salomaa and Stenholm (19'75) . It has been observed by Cagnac (19'75a) that in the experiments with two identical counterpropagating beams (same intensity and frequency) if the matrix elements (giK, )r) and (r)K,~e) are of the same order of magnitude, the light shifts are inferior to the present overall accuracy of the method.
In Fig. 2j . a typical result of a two-photon absorption in the 3S-5S transition in sodium (Cagnac, 1975a) Potassium: From g~(Rb)/g~(K) = 1.000 018 44(5) (Beahn and Bedard, 1972) we get gJ (K) = 2.002 29421(24).
Lithium: Boklen et al. (1967) measured gz(Li)/gz(K) = 1.000 003 4(3); therefore g~(Li) = 2.002 301 0(7).
Sodium: There are two measurement of gJ(Na)/g~(K) of comparable precisian and reliability, by Boklen et al. (1967) and &anden Bout et al. (1968) whose weightedaverageis 1.0000009(4). Therefore g~(Na) = 2.002 296 0(7). (2) 0.7997 (7) 1.2004 (10) o.666s (4) i.sssv (8) 0.7 999 (14) 1.2013 (20) 2.0020 (10) O.6659 (6) i.sss6 (8) 2.0028 (12) i.429 45(iS) i.sss 95(v) 0.6659 (3) 0.671{20) i.ss4 (1) i.ssv {4} i.sssv (io) o.6655 (5) i.1998 (15) 1.3335(15) 1.1995(15) i.sss2 {2o) Ritter, 1965 Ritter, 1965 Hartmann, 1970a i.ss4o (9) 1.331 (7) level-crossing experiments are available quoting the level-crossing positions (and not just the resulting A and I3 values) it is possible with standard techniques (e.g. , Violino, 1970 Violino, , 1972 Wright et aL, 1969) Orth et al. (1975) either by using their experimental results and those of Brog et al. (1967) , or by using the orbital, dipolar and contact constants computed by Lyons and Das (1970) Orth et al. (1975) . They obtain Q = 41(6) mb both using (x '), obtained theoretically by Garpman et a?. (1975) or using (x '), and (x ')"with the Sternheimer correction factor R = 0.1166.
3P, &z. There is a fine-structure level-crossing experiment by Budick et al. (1966) . Observing from a comparison with the analysis carried out by lieder (1964) for the 2P term, that the ratio of the crossing positions in the 2P and 3P states is very closely equal to the ratio of the fine-structure intervals, they assume a positive A constant and use Ritter's (1965) Arditi (1958c) [&v = 1771.626 20(10) ], Ramsey and Anderson (1965) [&v =1771.626 15(25) MHz] and Martenson and Stigmark (1967) [&v = 1771. 626 150(50) MHzj. Among these, the paper that seems to consider most carefully the hyperfine pressure shift is the one by Ramsey and Anderson (1965 is 5('-6) 18.62 (8) 18.65 (10) is.v (1) is.v(4) 18.80 (15) 18.90 (15) 18.92 (40) i9.O6 (36) 19.1(4) 19.5(6) 19.v4 (5) 2. 25(40) 3.o(6) 3.2 (5) 3.o4(i9) 2.82(3o) 3.o(2) 3.4(4) 2.9(3) 2.4O(15) 2.4 (4) g.58(3o) 2.5(4) 2. 4(14) 3.34 (4 Deech et al. , 1974 Ackermann, 1966 Baumann, 1968 Schmieder et al. , 1970 Tudorache et al. , 1971b Perl et al. , 1955 Baylis, 1967 Sagalyn et al. , 1954 Mashinskii, 1970a In Tables IV through VIII (1974) , Mashinskii (1970a) , Schmieder et al. (1970) , and Schonberner and Zimmermann (1968) Series (1967) .
The quadrupole moment has been derived by Garpman et al. (1975) There is also a less accurate double-resonance experiment by Kruger and Scheffler (1958) Dahmen and Penselin (1967) , Chan et al. (1970) , and Beckmann et al. (1974) . All of them are in excellent agreement with each other. The most accurate are the last two, giving, respectively, &v =461, 7197201(6) and 461, 7197202(14) MHz. There is also an optical pumping measurement by Bloom and Carr (1960) (1969) and Sehmieder et al. (1968b) . has derived the quadrupole moment using a quadrupole constant f) = 2.77(10) MHz, on the basis of (I/x') that is a mean value of the parameters derived Baylis, 1967 The symbols have the same meaning as in Table IV Pilloff (1975b) ; no value of A has yet been given.
5S&~z. There are two two-photon measurements by Biraben et al. (1974a) (with a cw laser) and by Levenson and Bloembergen (1974b) (with a pulsed laser) giving rerespectively A = 75(5) and 78(5) MHz (Bloembergen et al. , 1974) . There is also a two-step excitation (with two cw lasers passing through the 3'P, t, level) optical measurement by Duong et al. (1974a) Schmieder et al. (1968b) , Ney (1969) , Zacharias (1942) , Davis et al. (1949) and Eisinger et al. (1952) yielding respectively~&v~(E = 7/2 E = 9/2) = 1285.7(1) . Braslau et al. (1961) and Penselin et al. (1962) , whose results are, respectively, &v(E = 2 E= 3) = 3035.735-(2); 3035.732'l (7); 3035.732 439(5) MHz. The agreement is satisfactory, and this is especially true between the two most accurate measurements. Penselin et al. (1962) have also carried out a measurement of gz/gz, that has been found to be in considerable disagreement with later measurements by White et al. (1968) and by Ehlers et al. (1968) . Nevertheless, the hfs measurement by Penselin et al. (1962) seems to be reliable. It is in complete agreement with the measurement by Vanier et al. (1974) Bucka et al. (1963b) and then more completely by Schussler (1965) The symbols have the same meaning as in Table IV Gupta et al. (1972b) as well as a cascade radio frequency experiment (Bava, et o; , and the possibility is being investigated of building a Cs maser (Strumia. , 1970 (Strumia. , , 1975 Svanberg and Rydberg (1969) .
The effect of instrumental shifts on this experiment (Violino, 19VO) has been found to be negligible (Rydberg, 19VO) . The reason for this discrepancy can be found in the value that has been used for g~(1.345) that is very far from both the theoretical (1.3341) and the experimental [1.3340(3), (Abele, 1975a) ] values. After this The symbols have the same meaning as in Table IV. The symbols have the same meaning as in Table IV. correction is applied (using the experimental g~), the A, value of Svanberg and Rydberg (1969) Bucka (1956 and Faist et al. (1964) and a level-crossing experiment by Minemoto et al. (1974) , not quoting any A or B value.
The agreement between all measurements is good. Svanberg and Rydberg (1969) Faist et al. (1964) and Abele et al. (1975a, c (1969) carried out a level-crossing experiment, but measured only the position of the first crossing. Bucka, and von Oppen (1963a) report an uncorrected quadrupole moment Q =-2. 4(20) mb. 8Dz&z . A measurement of the absolute value of 3, has been carried out by Svanberg and Tsekeris (1975b) by means of a level-crossing experiment after two-step excitation. The sign has been determined further by Hogervorst and Svanberg (1975) Tsekeris, 1976a ). Another measurement with the quantum beats method has been performed by Deech et al. (1975) , yielding A =3.92(7) MHz. No information onB is available; B is explicitly set equal to zero by Hogervorst and Svanberg (1975) in their data reduction, owing to the small quadrupole moment of Cs.
8D~&&. There is a double-resonance experiment after two-step excitation by Svanberg and Tsekeris (1975b) obtaining (A j =0. 9(4) MHz, and a level-crossing experimei~t with an electric field by Hogervorst and Svanberg (1975) obtaining A= -0. 8(3) MHz. 98&~z. Two cascade measurements have been c@rried out by the Columbia group, one without radiofrequency (Gupta et al. , 1972b) yielding A=+101.1(75) MHz, and one with radiofrequency yielding. (22) 4.18 (20) -2.12(20) 239.3 (12) 39.11(3) 8.179 (12) -0.95 (20) 94.OO(64) 1V.68(8) 3.71 (1) -o.ss(io) 45.2 (20) 1.99 (2) 0.35 (7) 25.1 (9 Rydberg and Svanberg (1972) ; using the value g= 1.336(2), the results are A. =4. 129(7); B = -0.051 (25) MHz.
9D&&&. The method is the same as for 8D,~"' Svanberg and Tsekeris (1975b) and Hogervorst and Svanberg (1975) give A =2.37(3) MHz; Deech et al. (19V5) give A = 2.32(4) MHz. 9Dggg. The method is the same as for 8D,&"Svanberg and Tsekeris (1975b) give g~= 0. Hogervorst and Svanberg (1975) give A =1. 52(3) MHz; Deech et al. (1975) give A =1. 51(2) MHz. 20D&~z.
The method is the same as for 8D,&". Svanberg and Tsekeris (19V5b) give~A~= 0. 4(2) MHz and Hogervorst and Svanberg (1975) give&=-0. 30(10) MHz. 1ZDq~q. Svanberg and Belin (1974) 
